Injection seeding of solid-target soft x-ray laser amplifiers with high harmonic pulses is shown to dramatically improve the far-field laser beam profile and reduce the beam divergence. Measurements and two-dimensional simulations for a 13:9 nm nickel-like Ag amplifier show that the amplified beam divergence depends strongly on the seed and can therefore be controlled by selecting the divergence of the seed. The near-field beam size of both the seeded and unseeded lasers is shown to be determined by the size of the gain region and the divergence of the amplified beams. © 2010 Optical Society of America OCIS codes: 140.7240, 340.7480.
High-average-power tabletop soft x-ray (SXR) laser beams at wavelengths between 10 and 30 nm have been generated by optical laser excitation of solid targets [1] [2] [3] [4] [5] . However, the beams produced by these amplifiers are characterized by relatively large beam divergence (5-15 mrad) [1] [2] [3] [4] [5] , highly speckled patterns ( Fig. 1(a) and [6] ), and limited spatial [7] and temporal coherence [8] . Previous work by Tanaka et al. demonstrated a significantly reduced far-field divergence and increased spatial coherence using an injection technique scheme that makes use of two SXR plasma amplifiers [9] . Injectionseeding of SXR amplifiers with high harmonic (HH) pulses is a promising technique for improving the characteristics of SXR lasers that has additional advantages [10] [11] [12] [13] [14] [15] . In addition to a reduced beam divergence and providing full spatial coherence [12] , this technique can generate intense SXR laser pulses with full temporal coherence [14] , shorter pulse width [14] , and defined polarization [10] . The seeding of broad bandwidth solid-target SXR laser amplifiers with HH pulses has the potential of generating femtosecond SXR laser pulses [10, 14] . Herein we report the results of the characterization of the near-field and far-field patterns of a seeded 13:9 nm solidtarget amplifier that show that injection-seeding dramatically decreases the beam divergence and results in a nearly Gaussian far-field profile [ Fig. 1(b) ]. The far-field divergence is shown to be strongly dependent on that of the initial HH seed and can therefore be tailored by selecting the divergence of the seed. The near-field beam size of both the seeded and unseeded amplifiers is shown to depend on the size of the gain region and the beam divergence.
The experiments were conducted with a nickel-like Ag SXR laser amplifier, excited using pump conditions similar to those described in [13] . An 815 nm Ti:sapphire laser was used to create a sequence of pump pulses consisting of a 10 mJ prepulse of 120 ps duration, followed after about 5 ns by a second ∼350 mJ prepulse impinging at normal incidence, which in turn was followed after 200 ps by an ∼0:9 J heating pulse of 6:7 ps duration impinging at a grazing incidence angle of 23°. The pump pulses were focused onto the target to form a 30 μm × 4:1 mm FWHM long line. The length of the target was 3 mm. A small portion of the pump laser energy (∼20 mJ) was split, compressed in a separate pulse compressor, and focused into an Ne gas jet with a f ¼ 1:2 m lens to produce fifty-ninth seed pulses. The output of the gas jet was relay imaged onto a ∼100 μm diameter spot at the input of the plasma amplifier using a gold-coated toroidal mirror designed to operate at a grazing incidence angle of 10°.
The plasma amplifier was simulated using a twodimensional (2D) hydrodynamic plasma model developed in-house. The left column in Fig. 2 shows the evolution of the main plasma properties as a function of distance from the target, and the right column shows the 2D spatial distribution of the electron density, electron temperature, and small-signal gain at the time delay of 202 ps after the peak of the main prepulse. The prepulse is computed to heat the plasma to ∼90 eV, resulting in a degree of ionization of ∼18 at the time of arrival of the short pulse. The short pulse rapidly heats the plasma to ∼400 eV in the region where the electron density is 2-3 × 10 20 cm −3 , resulting in a small-signal gain coefficient of ∼80 cm −1 at 35 μm from the target surface. These results were then fed into a 3D ray-trace postprocessor code that can compute beam profiles for direct comparison with the experiments. This code fully treats saturation effects by solving the atomic rate equations with stimulated emission at each point along the SXR amplifier.
The far-field beam pattern was recorded by placing a back-thinned CCD detector at 0:86 m from the plasma. Two 0.3-μm-thick Zr filters with Parylene support were used to filter visible light and attenuate the SXR lasers. Laser experiments were conducted using two different seed pulse divergences to study the dependence of the amplified beam on the seed. A comparison with the simulated far-field beam profiles for the two cases is illustrated in Fig. 3 along with the corresponding profile of the HH seed. When a HH seed pulse with an FWHM divergence of 0:5 AE 0:03 × 0:7 AE 0:04 mrad in the directions perpendicular and parallel to the target, respectively, was used to seed the plasma, an amplified pulse with a divergence of 1:4 AE 0:14 × 0:7 AE 0:07 mrad was measured as a result [ Fig. 3(c) ]. Simulations agree in showing that the divergence of the amplified beam in the direction parallel to the target surface closely resembles that of the seed beam, while the divergence perpendicular to the target surface is larger due to refraction. When the divergence of the HH seed was increased to 1:6 AE 0:3 × 1:4 AE 0:4 mrad, an amplified pulse with a divergence of 1:5 AE 0:08 × 1:2 AE 0:15 mrad was measured [ Fig. 3(d) ]. The results show that when the divergence of the input HH seed is larger than ∼1 mrad the far field of the amplified seed is almost completely dominated by the seed, while for smaller divergences it is controlled by both the input seed and refraction. These beam divergences are nearly 1 order of magnitude smaller than those corresponding to the unseeded amplifier (Fig. 1) .
The near-field beam pattern was recorded by projecting the exit plane of the amplifier onto the CCD with 15:2× magnification using the combination of a concave (R ¼ 0:5 m) mirror and a flat Mo-Si multilayer mirror placed on a Z-fold configuration. A pinhole was placed in front of the imaging mirror to help discriminate the seeded beam from the amplified spontaneous emission (ASE). Figure 4 compares the measured near-field profiles of the unseeded and seeded beams. The location of the center of the near-field beam spot with respect to the target surface [Figs. 4(a) and 4(c) ] is dominantly determined by the position of the peak of the gain [∼35 μm from the target in Fig. 2(f) ] and was measured Model simulations show that the location of the gain is, in turn, dependent on the early prepulse that is responsible for creating the initial plasma profile and that the absence of this prepulse shifts the gain closer to the target surface (to a distance of ∼15 μm). As the seed propagates through the plasma amplifier, its intensity quickly saturates, yielding a near-field profile that is dominantly determined by the spatial distribution of the saturation fluence integrated over the amplifier length. The measured near-field size of the unseeded ASE laser [ Fig. 4(a) ] is characterized by an FWHM of 11:3 AE 4 × 13:3 AE 3 μm in the directions perpendicular and parallel to the target surface, respectively. The measured size of the seeded laser beam [ Fig. 4(c) ] is smaller, 6:0AE 0:6 × 8:3 AE 1:5 μm. The larger near-field spot size of the ASE laser in the direction parallel to the target surface is due to the larger divergence of the ASE laser, which allows rays with different trajectories to amplify across the entire gain region. By contrast, the narrow divergence of the HH seed causes all the rays to effectively take similar paths, resulting in a narrower beam profile. This size difference is enhanced in the direction parallel to the target surface due to the larger gain size and to the fact that the seeded beam is more sensitive to refraction caused by the electron density profile of the plasma amplifier [ Fig. 2(d) ], which acts as a weak negative lens. It should be noticed that the simulation results shown in Fig. 4 assume a perfect overlap between the laser pulses. Computations show that a 10 μm misalignment causes the gain region and resulting near-field beam size to decrease by ∼20% in the direction parallel to the target surface.
In conclusion, we have characterized for the first time (to our knowledge) the near-field and far-field distributions of an injection-seeded solid-target SXR laser amplifier with experiments and 2D simulations. Seeding is shown to reduce the far-field divergence by 1 order of magnitude and to allow for control of the far-field beam characteristics by tailoring the divergence of the seed.
